We present a spectroscopic study of (110)-oriented quantum-well structures. The lower symmetry of the quantum confinement direction that is inherent in these structures results in in-plane polarization anisotropy of the optical transitions. The optical transitions observed in the photoluminescenceexcitation spectra of these structures are modeled using an eight-band k p-type efI'ective-mass theory. We directly determine the valence-band anisotropy of the quantum-well material from the orientational dependence of the transition energies and oscillator strengths.
We present a spectroscopic study of (110)-oriented quantum-well structures. The lower symmetry of the quantum confinement direction that is inherent in these structures results in in-plane polarization anisotropy of the optical transitions. The optical transitions observed in the photoluminescenceexcitation spectra of these structures are modeled using an eight-band k p-type efI'ective-mass theory. We directly determine the valence-band anisotropy of the quantum-well material from the orientational dependence of the transition energies and oscillator strengths.
The spectroscopy of quantum wells (QWs) and superlattices has been intensively investigated since the observation of quantum confinement by optical means. ' Most of these investigations have been performed on (100)-oriented structures, since high-quality epitaxial growth was traditionally available in this crystallographic orientation only.
In order to account for the detailed spectroscopic studies of QW structures which followed the observation by Dingle and co-workers, ' several theoretical models have been developed, ' far more complicated than the intuitive "particle-in-a-box" description. ' From these models it became clear that the wave functions and consequently the optical properties of these quantumconfined systems should be sensitive to the crystallographic direction of the epitaxial growth. This is mainly due to the valence-band anisotropy of the zinc-blende III-V per cm resulting from differences in distance from the effusion cells are expected. To circumvent the difhculty of well size determination, we used cross-section transmission electron microscopy (TEM) to determine the dimensions of the QWs in the exact positions where the optical studies had been carried out. The exact aluminum concentration was then determined from the optical spectroscopy within the uncertainties of the nominal growth value. Figure 1 shows dark field TEM micrographs of the crosssectional view of (a) the (110) sample using (220) reflection, and (b) the (100) sample using (200) oA' the (110) direction. ' ' They were attributed to short-range atomic ordering typical of epitaxial growth in this crystallographic direction. ' The eAect that we observe is much smaller, probably due to the lower aluminum atomic mobility at our much lower growth temperature.
For the photoluminescence (PL) and PL excitation (PLE) measurements the samples were oriented using two cleavage planes and placed in a He-Aow cryostat. A pyridin-2 dye laser pumped by an Ar+ ion laser was used as a continuously tunable source of excitation. The laser light was focused at normal incidence onto the sample surface and its polarization was controlled by a polarization plane rotator and a polarizer. The luminescence from the sample was collected at a large solid angle perpendicular to the exciting light direction (see inset to Fig. 2 ). The PL, collected this way from both samples, was found to be completely unpolarized. (110) This unusual behavior of the PL from (110)-oriented QWs is described more completely in Fig. 3(a) Fig. 3(a) . In Fig. 3(c) In Eq. (3), k is the norm of the in-plane wave vector ki, p is its azimuthal angle, conveniently measured from the electric-field direction e, and E;j(k,iti) =E; (k, p) 
To calculate the integral in the right-hand side of Eq.
(3), we evaluate the integrand for evenly spaced values of P, average the results, and multiply by 2tr. In practice, the process converges well for a very small number of divisions of the interval 2z. Moreover C. Hermann and C. Weisbuch, Phys. Rev. B 15, 823 (1977) ; C. Weisbuch and C. Hermann, ibid 15, 826 (1977 2, 3 are the Luttinger parameters, ' and P is the conductionvalence-band interaction matrix element. ) The computed spectra are much more sensitive to the band-structure parameters of the QW material. We were able to compute spectra, all of which equally resembled the experimental results using different combinations of those y; and P parameters. We found, however, that the quality of the fit to both the transition energies and polarization anisotropies is a very sensitive function of the valence-band anisotropy of the QW material which we define as y, =(yi -yq)/ (ys+ y2). Since our goal was to experimentally estimate the valence-band anisotropy, we chose accepted parameters (except ys) from the literature. We obtained yi from the best simultaneous fits to the six diff'erent PLE spectra in Fig. 3(a) . Thus, comparison ' ' ' magnetic field. This value is quite far, however, from some theoretical calculations ' which have been extensively used for modeling QWs in this material system.
In summary, we report on optical spectroscopy of (110)-oriented quantum wells. We account for both the energies and oscillator strengths of all the observed interband transitions in terms of an eight-band k p eff'ectivemass theory. We used our results to independently determine the valence-band anisotropy in GaAs. ' Present address: Physics Department, Technion, Haifa 32000, Israel.
